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SUMMARY 

As part of a general study of obtaining high work output at low 
blade speeds with multistage turbines, a two-stage turbine was experi- 
mentally investigated. High Mach numbers, high turning angles, and low 
static -pres sure drops across blade rows made this a critical turbine 
design. 

The turbine passed 1.01 of the equivalent design weight flow at 
equivalent design speed and work. The brake internal efficiency at this 
point was 0.79 and occurred at a rating pressure ratio of 4.1. A maxi- 
mum efficiency of 0.84 occurred at 130 percent of equivalent design speed 
and a work output of 34.10 Btu per pound, corresponding to a rating pres- 
sure ratio of approximately 4.0. 

A radial survey at equivalent design speed and work showed that the 
first-rotor throat area was too largej a large area of underturned flow 
also occurred near the tip of the rotor. A similar but less severe un- 
derturning was noted near the tip of the second rotor . Considerable un- 
cLerturning over most of the blade height at the outlet of the second sta- 
tor was also observed. Tangential components of velocity at the turbine 
outlet amounting to 2.5 points in turbine efficiency were also measured. 


INTRODUCTION 

The NACA Lewis laboratory is currently conducting a general study of 
h i gh - work - out p ut , low -blade -speed, multistage turbines. As part of this 
study, the design requirements of turbines to drive a particular single- 
spool compressor with high pressure ratio and low blade tip speed were 
investigated at several engine operating conditions (ref. l) . It was 
found that operation at constant design rotative speed required a larger 
design turbine-outlet annular area than operation with constant exhaust- 
nozzle area. Further studies were made to determine the turbine velocity 
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diagrams for the turbine requirements imposed by engine operation with 
constant exhaust -nozzle area (ref. 2) and engine operation at constant 
design rotative speed (ref. 3). Based on the analyses presented in ref- 
erences 1 to 3, a turbine -outlet annular area of 405 square inches was 
specified for engine operations with constant exhaust -nozzle area and 
550 square inches for engine operation at constant design rotative speed. 

Because the turbine design requirements for engine operation at 
constant design rotative speed were more critical than those for engine 
operation with constant exhaust -nozzle area, it was necessary to incor- 
porate a downstream stator behind a two-stage turbine in order to obtain 
reasonable velocity diagrams. These velocity diagrams and those for the 
two-stage turbine of reference 2 had higher Mach numbers, greater turn- 
ing within blade rows, and lower static-pressure drops across some of the 
blade rows than those used in conventional turbine designs. Less criti- 
cal turbine aerodynamic designs could, of course, have been obtained with 
three -stage turbines or by increasing the design rotative speed, as dis- 
cussed in reference 4. 

Although the two-stage turbine design for engine operation with con- 
stant exhaust-nozzle area and the two-stage turbine design with a down- 
stream stator for engine operation at constant design rotative speed were 
critical, achievement of reasonably good turbine performance appeared to 
be feasible. However, only an experimental demonstration can verify this; 
therefore, a two-stage turbine and a two-stage turbine with a downstream 
stator were fabricated and investigated as components with cold-air 
turbine -inlet conditions. The performance of the two-stage turbine with 
a downstream stator is presented in reference 5. At equivalent design 
work and speed the brake internal efficiency of this turbine was 0.81, 
and the maximum efficiency obtained was 0.85. The downstream stator left 
very little energy in the form of tangential velocity in the gas and, in 
general, performed well with 0.78 recovery being obtained at equivalent 
design work and speed. The poor over-all performance of this turbine was 
attributed in part to the blade design procedure used, which appeared to 
be inadequate for a turbine with such critical aerodynamic limits. In 
addition, secondary -flow and tip-clearance effects that could not be ac- 
counted for in design may have contributed to the poor performance. The 
purpose of the subject report is to present and discuss the performance 
of the two- stage turbine. 

The two-stage turbine was operated at a constant inlet total (stag- 
nation) pressure of 35 inches of mercury absolute and an inlet total tem- 
perature of 700° R. Over-all turbine performance characteristics were 
obtained over a range of pressure ratios and speeds . These performance 
results are presented in teims of brake internal efficiency, equivalent 
work output, equivalent weight flow, and equivalent rotor speed. 

In addition to the over-all performance, radial surveys of total 
pressure and flow angle were made behind each blade row and ahead of the 


5016 


bOib 


MCA EM E56E04 


3 


first stator at equivalent design work and speed. Radial distributions 
of temperature were obtained only behind the first and second rotors. 
Static-pressure distributions through the txirbine were also obtained from 
interstage static -pres sure measurements. The survey results are compared 
with the design distributions. 

A brief description of the method used to design the blade profiles 
is also included. 




s 
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SYMBOLS 

A annular area, sq ft 

c specific heat at constant pressure, Btu/(lb)(°R) 

E enthalpy drop (based on measured torque), Btu/lb 

g gravitational constant, 32.17 ft/sec2 

J mechanical equivalent of heat, 778 ft-lb/Btu 

N rotational speed, rpm 

p static pressure, Ib/sq ft 

p' total pressure, Ib/sq ft 

p^ rating total pressure, static pressure plus velocity pressure 

corresponding to axial component of velocity, Ib/sq ft 

R gas constant, 53.35 ft-lb/(lb) (°R) 

T static temperature, °R 

T' total temperature, °R 

V velocity, ft/sec 

w weight flow, Ib/sec 

wN 

E weight-flow parameter based on equivalent weight flow and equiv- 
alent rotor speed 

a absolute air angle, measured from axial direction (positive in 

direction of blade rotation) , deg 

y ratio of specific heats 
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ratio of inlet total pressure to MCA standard sea-level pressure 
of 2116 it/sq ft 


function of y 


sZ 


(^) 


r -1 

* e 




si 


(r 


si 




e 


cr 


brake internal efficiency, ratio of actual turbine work based on 
torque measurements to ideal turbine work 

internal efficiency based on measured total temperature 

squared ratio of critical velocity to critical velocity at MCA 
standard sea-level temperature of 518.7° R 


p static density, Ib/cu ft 

T torque, ft -lb 

Subscripts : 

e engine operating conditions 

si MCA standard sea- level conditions 

OTP 

’ ’ ’ measuring stations (see fig. 2) 
3,4,5 


APPARATUS 
Test Installation 

The experimental setup of the turbine is shown in figure 1. The air 
weight flow throu^ the turbine was measured by a submerged calibrated 
A.S.M.E. flange-tap flat-plate orifice. After metering, the air was 
throttled to the desired turbine-inlet pressure of 35 inches of mercury 
absolute. A portion of this air was heated by two commercial jet-engine 
burners and reintroduced into the main airstream. The resulting turbine - 
inlet temperature after mixing was maintained at 700° R. The fuel flow 
was measured with rotameters in the fuel line, and the air weight flow 
through the turbine was corrected for the fuel addition. The air flow 
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divided and entered a plenum chamber (which replaced the normal combustor 
assembly of an engine) through two openings 180^ apart and at right angles 
to the turbine shaft. The air then passed through a screen and into 10 
transition sections^ each of which supplied air to a segment of the first- 
stage stator. The air passed through the turbine into the tailcone^ 
whence it was discharged into the laboratory exhaust facilities. 

Two 5000 -horsepower cradled dynamometers of the eddy-current wet- 
gap type were connected in tandem and were used to absorb the power out- 
put of the turbine. The turbine torque output was measured by means of 
an NACA balanced-diaphragm thrustmeter. The turbine rotative speed was 
measured by means of an electric chronometric tachometer. 


Ins trumentat ion 

The instrumentation used for the over-all performance evaluation of 
the turbine was located at stations 0^ 1^ and 5^ as shown in figure 2. 

The conditions at the inlet of the transition section (station O) were 
measured by means of a combination probe consisting of a shielded total- 
pressure tube and a calibrated spike-type thermocouple, and two wall 
static -pres sure taps in each of the 10 transition sections. At station 
1, static -pres sure measurements were obtained from 20 static taps, one 
located on the inner and one on the outer wall of each of the 10 transi- 
tion pieces. The instrumentation installed at station 5 consisted of 
five shielded total-pressure probes located at different radii correspond- 
ing to the area centers of five equal annular areas and of four wall 
static-pressure taps on both the inner and outer shrouds. Four thermo- 
couple rakes were also installed at station 5. Each thermocouple rake 
consisted of five spike -type thermocouples located so that duplicate tem- 
peratures at 10 radial positions at the area centers of equal annular 
areas were obtained with the four rakes. 

Additional fixed instrumentation was installed behind the first rotor 
blade row (station 3) consisting of two total-temperature rakes and five 
shielded total-pressure probes. The two total-temperature rakes each con- 
sisted of five thermocouples located so that the temperatures at 10 radial 
positions at the centers of equal annular areas were obtained. The five 
shielded total -pressure probes were located at different radii correspond- 
ing to the centers of five equal annular areas. Four static -pressure taps 
on both the inner and outer shrouds were also installed at stations 2, 3, 
and 4. These static -pres sure taps were located approximately midway cir- 
cumferentially between adjacent stator blades. 

In addition to the fixed instrumentation, radial surveys of total 
pressure and angle were made at stations 1 to 5 with claw-type total - 
pressure probes. Photographs of the instrumentation used to obtain both 
general performance and survey data are shown in figure 3. 
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TURBINE AND BLADE DESIGN 
Velocity Diagrams 

The design velocity diagrams and the method used to select them are 
presented in reference 2. In calculating the design velocity diagrams 
at stations 2 to 5, a free-vortex distribution of tangential Velocity and 
simple radial equilibrium were assumed. Radial components of velocity 
were ignored in calculating the velocity diagrams as well as in the de- 
sign of the blade profiles. These design velocity diagrams are reproduced 
from reference 2 and presented in figure 4. 


Turbine Blade Profile Design 

The blade profiles were designed using a two-dimensional quasi- 
channel-flow theory and a stream-filament technique developed in refer- 
ence 6 . 


Three flow regions were examined for each constant -radius blade- 
passage design. These three regions consisted of (l) the section between 
the passage potential line where the flow first becomes fully contained 
within the blade passage and the passage potential line at the throat of 
the blades, (2) the portion of the blade downstream of the throat, and 
(3) the leading-edge section of the blade. The design procedure con- 
sisted of mating these three flow regions by means of judicious selection 
of blade profiles until a reasonable compromise of the flow conditions 
was achieved. The passage throat and blade portion downstream of it were 
assumed to control the exit flow angle. For the leading-edge sections, 
high-speed NACA 65-series airfoil nose sections were used. In the channel 
portion of the blade the surface velocities were calculated by use of the 
stream-filament technique of reference 6; the maximum suction-surface Mach 
number and the maximum ratio of suet ion- surface velocity to exit velocity 
encountered were quite high, being 1.45 and 1.60, respectively. 

The design blade profiles obtained in this manner are shown in fig- 
ure 5 . 


Blade Solidity and Aspect Ratio 

In order to save time in fabricating the turbine, existing turbine ^ 
rotor disks and shell structure from a commercial turbine were used, which 
precluded the free choice of blade solidities and aspect ratio. The re- 
s^q-|;ing solidities and aspect ratios based on axial chord were as follows. 
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Solidity 

Mean aspect 
ratio 

Hub 

Mean 

Tip 

Stator 1 

1.361 

1.240 

1.140 

1.78 

Rotor 1 

1.473 

1.321 

1.218 

2.09 

Stator 2 

1.879 

1.666 

1.498 

2.08 

Rotor 2 

1.978 

1.608 

1.334 

2.09 


Turbine 


The two-stage turbine was designed for the following conditions; 



Turbine design 
conditions 

Turbine equivalent 
design conditions 

Work, Btu/lb 

131 

32.25 

Weight flow, Ib/sec 

158 

39.65 

Rotative speed, rpm 

6100 

3027 

Inlet temperature, °R 

2160 

518.7 

Inlet pressure, in. Hg abs 

248.3 

29.92 


A schematic diagram of the geometry employed in the turbine design 
is shown in figure 2. In the design the turbine frontal area was required 
to be no larger than the compressor frontal area. Because of this re- 
striction on turbine frontal area and the low design rotative speed, the 
velocity diagrams were obtained by keeping the tip diameter of the tur- 
bine constant and obtaining all the area divergence through the txirbine 
from the inner wall. The tip diameter of the turbine was constant at 
33.5 inches; the annular area increased through the turbine, the inner 
shroud having a cone half -angle of 13.9°. The hub-tip radius ratios at 
the outlets of the first stator and last rotor were, respectively, 0.827 
and 0.736. The turbine was designed to produce 70 percent of the design 
work output in the first stage and 30 percent in the second stage. 


METHODS AND PROCEDURES 

The turbine was operated with a measured inlet pressure Pq of ap- 
proximately 35 inches of mercury absolute and an inlet temperature T^^ 

of 700° R for equivalent rotative speeds of 20, 40, 60, 70, 80, 90, 100, 
110, 120, and 130 percent of the design value. A range of rating pres- 
sure ratios Pp/Px 5 f’l’om 1.4 to 4.1 was investigated. 

The method used to convert turbine test conditions to equivalent 
operating conditions based on NACA standard sea-level conditions is given 
in reference 7 . The equivalent work output and brake internal efficiency 
for the over-all performance are based on measured torque values. 
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The over-all turbine performance rating was based on the calculated 
outlet pressure p ' ^ and calculated inlet pressure p^ . The calculated 

outlet pressure p' ^ is defined as the static pressure behind the last 

rotor plus the velocity pressure corresponding to the axial component of 
the absolute velocity. This calculated value of turbine -out let pressure 
charges the turbine for the energy of the tangential component of outlet 
velocity. This pressure is calculated from the energy and continuity 
equations by using the known annulus area at the measuring station and 
measured values of weight flow, static pressure, total (stagnation) pres- 
sure, and total temperature. The derivation of the equation to calculate 
p' _ is given in the appendix of reference 5. The derivation of the 

X ^ o 

equation to calculate p-( is given in the appendix herein. In calculat- 
ing the inlet total pressure p^ from equation (5) of the appendix it 

was assumed that the flow was axial. The total temperature measured at 
station 0, the measured weight flow, the static pressure at station 1, 
and the annulus area at station 1 were used to calculate p^. 


The total temperatures at stations 0 and 5 and the total pressures 
at station 5 were arithmetically averaged for a single reading of temper- 
ature and pressure at each of these stations. In presenting the static- 
pressure distribution through the turbine, the arithmetic average of the 
hub wall static -pressure readings was used for stations 1 to 5. In calcu- 
lating p' ^ and p', the wall static -pres sure readings at both the hub 

and tip were arithmetically averaged for a single reading. 

The indicated temperature readings obtained from the spike-type 
thermocouple probes were corrected for Mach number effects. The indicated 
pressure readings obtained from the shielded total -pressure probes and 
claw-type total-pressure probes were also corrected for Mach number 
effects . 

In addition to the general performance, radial total-pressure and 
angle surveys were made with the claw probe shown in figure 3(b) at sta- 
tions 1 to 5 at equivalent design speed and work. Radial surveys at two 
circumferential positions were made behind each rotor and averaged for a 
single radial trace. Radial surveys at only one circumferential position 
(midway between stator blades) were made behind each stator and at only 
one circumferential position at station 1. The temperature distributions 
behind the two rotors were obtained with the spike -type total-temperature 
rakes shown in figure 3(a). Radial surveys of static pressure were not 
made, because a suitable device for measuring static pressure was not 
available at the time of the survey. However, the static pressures at 
the hub and tip behind each blade row and ahead of the first stator were 
obtained by means of the wall static taps previously described. In 
correcting the total-temperature and -pressure readings for Mach number 
effects, a linear variation of static pressure between the measured hub 
and tip values was assumed. 
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RESULTS AND DISCUSSION 


Over-All Performance 


The over-all performance of the turbine is presented in figure 6 as 
a plot of equivalent work against the flow parameter 


608 


values of equivalent speed and rating pressure ratio P-,'/p' cr* 

JL o 

tion, contours of constant brake internal efficiency are shown. 


for constant 
In addi- 


At equivalent design work and speed, an efficiency of 0.79 was ob- 
tained at a rating pressure ratio of approximately 4.1. The brake in- 
ternal efficiency at equivalent design work and speed was well below the 
value anticipated in the design of the turbine. The maximum efficiency 
obtained was 0.84, occurring at 130 percent of equivalent design speed 
and a work output of 34.10 Btu per pound, corresponding to a rating pres- 
sure ratio of approximately 4.0. 


The variation of equivalent weight flow with rating pressure ratio 
for the equivalent speeds investigated is shown in figure 7. The value 
for equivalent design weight flow is indicated on the weight-flow ordi- 
nate. At equivalent design speed and the rating total -pressure ratio of 
4.1 corresponding to equivalent design work, the turbine weight flow was 
approximately 1 percent greater than the design weight flow. Choking 
weight flow, indicated when the curves have a zero slope, was obtained 
above a rating pressure ratio of 2.5 for all speeds. The magnitude of 
the choking weight flow was the same for all speeds. This indicates that 
the first stator choked before any other blade row over the range of 
speeds investigated and controlled the weight flow passed by the turbine. 

The variation of equivalent torque with rating pressure ratio for 
the equivalent speeds investigated is shown in figiare 8. Pressure ratios 
across the turbine great enough to achieve limiting loading were not ob- 
tainable. (Limiting loading is defined, for any given speed, as the 
point at which a fiarther increase in pressure ratio does not produce an 
increase in torque. ) 


Axial Static-Pressure Distribution 

The static-pressure distribution at the hub of the blades for design 
speed and various over-all rating pressure ratios P;[/Px 5 shown in 

figure 9. The static pressure at each station is divided by the inlet 
total pressure in order to minimize the effect of the small fluctuations 
in inlet total pressure encountered while testing the turbine. The data 
points are connected by segments of straight lines to help define the 
individual over-all total -pres sure ratios. The design static-pressure 
distribution through the turbine is also shown in figure 9, by a dashed 
line . 
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In addition to comparing the design static-pressure distribution with 
those actually obtained, figure 9 is useful in determining the choking 
characteristics of the turbine. Choking in a blade row is indicated when 
the static pressure at the entrance to the blade row remains constant 
while the static pressure at the exit of the same blade row decreases as 
the over-all total-pressure ratio is increased. Based on this criterion, 
the data indicate that the blade rows choke successively, starting with 
the first stator, as the over-all total-pressure ratio increases. As 
mentioned previously, the data plotted in figure 7 indicate that the 
first stator choked before any other blade row over the range of speeds 
investigated and controlled the weight flow passed by the turbine. 

The maximum over-all pressure ratio shown is less than that required 
for design work output. However, the static-pressure distribution through 
the turbine, with the exception of station 5, would not change with in- 
creased over-all pressure ratio beyond about 3.8, because all blade rows 
have choked. The only effect on the static-pressure distribution due to 
increasing the over-all pressure ratio beyond 3.8 would be to lower the 
static pressure at station 5. For over-all pressure ratios above 3.8, the 
static pressure at station 2 is lower than design while at station 3 it 
is higher than design. This indicates that the effective throat area of 
the first rotor was too large, resulting in higher than design Mach num- 
bers at the rotor inlet and lower than design at the outlet. It is also 
quite obvious that the reaction or static-pressure drop across the first 
rotor was considerably less than design. The static pressure at station 
4 was very near the design value. At the exit of the txirbine, station 5, 
the static pressure had to be lowered well below the design value when 
design work was obtained from the tturbine. This, of course, resulted in 
large tangential components of absolute velocity, which, in turn, were 
detrimental to the turbine efficiency based on g- 


Design-Point Survey 

The results of the survey at equivalent design work and speed are 
presented in figure 10. The absolute -flow-angle distribution behind the 
first stator (station 2, fig. 10(a)) agreed well with the design distri- 
bution. However, the flow was underturned by about 3° over most of the 
passage height. This difference is not too significant, however, when 
the mechanical character of the equipment and method of survey are con- 
sidered. The hub and txp static pressures at station 2 were lower than 
design, indicating that the absolute Mach numbers were higher than de- 
sign. These Mach numbers were estimated to be about 0.2 higher than the 
design values. 

The static pressures behind the first rotor (station 3) were higher 
than design (fig. 9), indicating that the Mach numbers at this station 
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were lower than design. This was substantiated by the marked underturn- 
ing of the flow angle from design observed at this station (fig. 10(a)). 
This underturning became quite extreme near the tip of the blade, indi- 
cating a separated-flow region. 

The design temperature drop across the first stage was constant over 
the blade height. As a result of the separation at the tip of the first 
rotor, however, the temperature drop across the first stage (fig. 10(b)) 
decreased from midpassage to the tip. This separated region also re- 
sulted in a region of low stage efficiency (fig. 10(c)) near the tips of 
the blades . 

The Mach numbers and flow angles obtained at stations 2 and 3 indi- 
cate that the effective throat area of the first rotor was too large. 

The source of the poor performance observed at the tip of the first rotor 
is more difficult to isolate, however, with the limited survey data avail- 
able. A detailed investigation of the loss regions in a one-stage turbine 
(ref. 8) indicated that a major part of the total loss occurred in the tip 
region of the rotor and that the largest portion of this loss could be at- 
tributed to secondary-flow effects. In the investigation of reference 8 
another high-loss region of secondary importance was noted near the hub 
of the rotor. A similar region was observed (see fig. 10(c)) for the 
first stage of the turbine investigated herein. The loss distribution or 
efficiency distribution of the first stage investigated herein is similar 
to that of the single-stage turbine investigated in reference 8; and, 
therefore, it might be inferred that the sources and proportions of the 
loss are similar. However, the losses in the rotor tip region of the 
turbine investigated herein were undoubtedly compounded by the critical 
design conditions and by the large tip clearances (O.lOO in.). 

Figure 10(c) shows that the level of the second-stage efficiency was, 
in general, lower than that of the first stage. This was attributed in 
part to the large differences between the actual and design flow condi- 
tions at the entrance to the second stage (station 3) . 

The flow at the outlet of the second stator (station 4, fig, 10(a)) 
was underturned from design by approximately 10° over most of the blade 
height. However, at the outlet of the second rotor (station 5, fig. 

10(a)) the flow was considerably overturned from design. At design work 
the Mach number at the outlet of the second rotor was higher than design 
because, with the over-all turbine efficiency considerably less than de- 
sign, the outlet tangential component of velocity must be increased great- 
ly. This, of course, accounts for the increased negative angles of flow 
noted at the turbine outlet. The energy of this tangential velocity was 
considered lost in rating the performance of the turbine (fig. 6) . At 
design work and speed this tangential component of velocity reduced the 
efficiency by approximately 2.5 percent. 


12 


MCA RM E56E04 


Both the work output (temperature drop, fig. 10(h)) and the effi- 
ciency (fig. 10(c)) fell off at the huh and tip for the second stage of 
the turbine. The over-all temperature drop and efficiency shown in fig- 
ures 10(h) and (c) had characteristics similar to those of the first 
stage. This was to he expected, because 63 percent of the over-all work 
was achieved by the first stage. The first stage was designed to do 70 
percent of the over-all work. 


Remarks 

The surveys indicate that design flow conditions were not achieved 
within the turbine, which probably accounts in part for the poor perform- 
ance. This performance could probably be improved by modifying the tiar- 
bine. One needed modification is to close down or reduce the throat area 
of the first-stage rotor, which would reduce the rotor-inlet Mach number 
and increase the rotor-outlet Mach number . The relative inlet Mach num- 
ber is quite high, particularly for the type of profile employed; and a 
reduction of this Mach number should reduce the entering loss. In addi- 
tion, the angle of incidence on the first-stage rotor would be reduced. 
With an increased outlet Mach number the absolute flow angle at the out- 
let of the stage would more nearly approach the design value and, there- 
by, improve the flow conditions into the second stator. Decreasing the 
first -stage -rotor throat area would also increase the reaction or static- 
pressure drop across the blade row and, thus , possibly eliminate or alle- 
viate the separation at the tip of the blade. Shrouding of both rotor 
hlade rows might also help to reduce the losses, since the tip clearances 
employed (O.lOO in.) were quite high. 

Another rather serious departure from design flow appeared in the 
underturning of the flow at the outlet of the second stator . If the 
total -pressure loss from the turbine inlet to the throat of the second 
stator is reduced by the modifications just discussed, it would be possi- 
ble to reduce the second-stator throat area and, thereby, obtain more 
turning at and after the throat section. An increase of the tangential 
velocity into the second rotor along with an improvement in over-all tur- 
bine efficiency would, of course, mean that design work would not have 
to be attained by increasing the tangential component of velocity at the 
outlet of the turbine with its attendant loss. An improvement of the 
turbine efficiency would also probably require that the throat area of 
the second rotor be closed down. 

In conclusion, it is felt that attainment of reasonably good turbine 
efficiency is possible with the severe design conditions investigated. 
However, in designing a turbine of such a critical nature, more refined 
design techniques that describe actual flow conditions and loss distribu- 
tions more closely are necessary if good performance is to be obtained 
without the necessity of an extensive development process. Several of 
the more advanced techniques being used are presented in references 9 
and 10. 
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SUMMARY OF RESULTS 

From an experimental investigation of a high -work-output, low-hlade- 
speed, two-stage turhine operated over a range of equivalent speed and 
total-pressure ratio at inlet conditions of 35 inches of mercury absolute 
and 700° R, the following results were obtained: 

1. At equivalent design speed and work, the turbine passed 1.01 of 
the equivalent design weight flow. The brake internal efficiency at this 
point was 0.79 and occurred at a rating pressure ratio of 4.1. 

2. A maximum efficiency of 0.84 occurred at 130 percent of equivalent 
design speed and a work output of 34.10 Btu per pound, corresponding to 

a rating total-pressure ratio of approximately 4.0. 

3. At equivalent design speed the blade rows choked successively 
starting with the first stator as the over-all total-pressure ratio in- 
creased. The first stator choked before any other blade row over the 
range of speeds investigated and controlled the weight flow passed by the 
turbine . 

4. A radial survey at equivalent design speed and work revealed: 

(a) The effective throat area of the first rotor was too laxge, re- 
sulting in higher than design Mach number at the rotor inlet and lower 
than design Mach number at the rotor outlet. 

(b) A large underturning of the flow at the tip of the first rotor 
indicated a large amount of separation in this area. A similar, although 
less severe, situation appeared at the outlet of the second rotor. 

(c) Considerable underturning (approximately 10°) occurred over most 
of the blade height at the outlet of the second stator. 

(d) Large tangential components of velocity existing at the turbine 
outlet amounted to approximately 2.5 points in turbine efficiency. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, May 8, 1956 
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APPENDIX - CALCULATED TOTAL PRESSURE 

The equation used to calculate the total pressure at the turbine in- 
let was obtained from the following equations : 

Energy : 


T' 



Continuity: 


Perfect gas law: 


w = pVA 


p = pRT 


Isentropic relation: 



( 1 ) 


( 2 ) 

( 3 ) 


( 4 ) 


For uniform axial flow, based on equations (l) to (4), the following equa- 
tion for total pressure can be obtained: 



( 5 ) 


Measurements of static pressure and total temperature were made at 
the turbine inlet. With the orifice-measured weight flow and annular 
area also known, the inlet total pressure was calculated from equation 
(5). 
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Figure 1. - Installation of turbine in full-scale turbine- component test facility. 
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Figure 2 . - Schematic diagram of turbine showing instrumentation. 
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Figure 3. - Typical instruments. 
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Figure 4. - Design velocity diagrams. Numbers in parentheses are Mach numbers based 
on local velocity of sounds velocities are in feet per second^ angles are in degrees 
(ref. 2). 
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Figure 6. Over-all performance of turbine. Turbine- inlet pressure, 35 inches of mercury absolute: 
turbine-inlet temperature, 700° R; equivalent design speed, 3027 rpm. 
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Figure 8. - Variation of equivalent torque with rating total-pressure ratio 
for values of constant equivalent rotor speed. 
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Figure 9. - Variation of hub static-pressure distribution with rating total- 
pressure ratio at equivalent design speed. 
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(a) Absolute air angle, measured from axial. 

Figure 10. - Radial variation of absolute air angle, work parameter, and efficiency at design speed and work. 
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(b) Stage and over-all work parameter. 


Figure 10. - Continued. Radial variation of absolute air angle, work parameter, and efficiency 
at design speed and work. 
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(c) Stage and over-all Internal efficiency. 

Figure 10. - Concluded. Radial variation of absolute air angle, work parameter, 
and efficiency at design speed and work. 
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